SUMMARY Navigation, finding food sources, and avoiding danger critically depend on the identification and spatial localization of airborne chemicals. When monitoring the olfactory environment, rodents spontaneously engage in active olfactory sampling behavior, also referred to as exploratory sniffing [1] . Exploratory sniffing is characterized by stereotypical high-frequency respiration, which is also reliably evoked by novel odorant stimuli [2, 3] . To study novelty-induced exploratory sniffing, we developed a novel, non-contact method for measuring respiration by infrared (IR) thermography in a behavioral paradigm in which novel and familiar stimuli are presented to headrestrained mice. We validated the method by simultaneously performing nasal pressure measurements, a commonly used invasive approach [2, 4] , and confirmed highly reliable detection of inhalation onsets. We further discovered that mice actively orient their nostrils toward novel, previously unexperienced, smells. In line with the remarkable speed of olfactory processing reported previously [3, 5, 6] , we find that mice initiate their response already within the first sniff after odor onset. Moreover, transecting the anterior commissure (AC) disrupted orienting, indicating that the orienting response requires interhemispheric transfer of information. This suggests that mice compare odorant information obtained from the two bilaterally symmetric nostrils to locate the source of the novel odorant. We further demonstrate that asymmetric activation of the anterior olfactory nucleus (AON) is both necessary and sufficient for eliciting orienting responses. These findings support the view that the AON plays an important role in the internostril difference comparison underlying rapid odor source localization.
SUMMARY
Navigation, finding food sources, and avoiding danger critically depend on the identification and spatial localization of airborne chemicals. When monitoring the olfactory environment, rodents spontaneously engage in active olfactory sampling behavior, also referred to as exploratory sniffing [1] . Exploratory sniffing is characterized by stereotypical high-frequency respiration, which is also reliably evoked by novel odorant stimuli [2, 3] . To study novelty-induced exploratory sniffing, we developed a novel, non-contact method for measuring respiration by infrared (IR) thermography in a behavioral paradigm in which novel and familiar stimuli are presented to headrestrained mice. We validated the method by simultaneously performing nasal pressure measurements, a commonly used invasive approach [2, 4] , and confirmed highly reliable detection of inhalation onsets. We further discovered that mice actively orient their nostrils toward novel, previously unexperienced, smells. In line with the remarkable speed of olfactory processing reported previously [3, 5, 6] , we find that mice initiate their response already within the first sniff after odor onset. Moreover, transecting the anterior commissure (AC) disrupted orienting, indicating that the orienting response requires interhemispheric transfer of information. This suggests that mice compare odorant information obtained from the two bilaterally symmetric nostrils to locate the source of the novel odorant. We further demonstrate that asymmetric activation of the anterior olfactory nucleus (AON) is both necessary and sufficient for eliciting orienting responses. These findings support the view that the AON plays an important role in the internostril difference comparison underlying rapid odor source localization.
RESULTS AND DISCUSSION

Non-contact Measurement of Sniffing Dynamics and Nostril Movement in Head-Restrained Mice
We developed a novel, non-contact method for measuring respiration by infrared (IR) thermography in a behavioral paradigm in which novel and familiar stimuli are presented to head-restrained mice ( Figure 1A) . The temperature at the intranasal surface is determined by two major factors: (1) the balance between radiation heat loss (natural convection) and passive warming of the body through the blood flow, and (2) forced convection, i.e., heating from exhalation or cooling due to inhalation. Moreover, inhaled air is at room temperature, whereas exhaled air has body temperature. As a result of the dynamic interplay between these factors, inhalation and exhalation appear as cooling and warming of the intranasal surface, respectively. Using video frame analysis, we extracted the respiration signal ( Figures 1B  and S1 ). The temperature difference between inhalation and exhalation was typically 1 C (±0.1 SEM; random sample of 17 videos from seven mice). Following the convention in the field of respiration research, temperature signals were inverted, such that such inhalations are directed upward. Inhalations are marked by a steep signal increase; exhalations are marked by a steep signal decrease ( Figure 1E ). Of note, even in the absence of exhalation, the intranasal surface undergoes passive warming through the blood flow, although it occurs much slower than by forced convection. Because skin emits thermal energy with almost perfect efficiency [7] , respiration-related temperature changes were robustly detected during exploratory sniffing up to 12 Hz ( Figures 1G and 1H ) and in anesthetized mice (Figure 1D ). Respiration signals are obtained reliably between different animals and across several days in the same animal.
To validate our novel method, we performed simultaneous measurements of intranasal pressure through an implanted cannula and with the IR camera ( Figure 1C) . We recorded respiration signals in 29 trials from two mice. All 1,475 inhalation onsets detected from the intranasal pressure signal were also detected using nasal thermography ( Figure 1F ). Additionally, 39 inhalation onsets were detected with IR thermography that were not present in the pressure signal. These inhalations are considered false positives, suggesting a false-positive rate of $2.6% (39/1,514). Importantly, when comparing the distribution of (G) Distribution of respiration rates measured through an implanted cannula (top) and IR thermography (bottom). Solid lines indicate corresponding probability density functions.
(H) Timing of inhalation detection. The inhalation time of each breathing cycle measured by IR thermography was subtracted from the respective inhalation time measured by intranasal pressure. The difference between the two measurements shows variability but no consistent lag across respiration frequencies (median difference 3 ms ± SD 96 ms). See also Figure S1 .
breathing frequencies measured with both methods, we did not observe a specific bias toward detecting particular types of inhalations more readily than others ( Figure 1G ). A closer investigation of the temporal relationship between inhalation onsets detected by IR thermography and intranasal pressure reveals variability in the precision of inhalation detection ( Figure 1H ). This variability appears to be more pronounced during slow breathing. The mean difference between the inhalation onset times extracted by the two methods was zero, with an SD of 96 ms, corresponding to about half a breathing cycle at a respiration rate of 5 Hz. This variability in detecting the timing of inhalation onset may be related to the physical basis of the signal or to the fidelity of extracting inhalation onsets in IR thermography and pressure signals, respectively. Given the complexity of extracting a low-dimensional respiration signal from high-dimensional movies, we think the latter is more likely. Further improvement of the algorithm for inhalation detection in IR movies will most likely improve the precision of sniff detection.
Despite the fact that IR thermography may be slightly less precise in detecting the time of inhalation onsets compared to intranasal pressure, it has the advantage of being the least invasive approach for measuring respiration in head-restrained rodents.
In summary, we demonstrate that IR thermography enables highly reliable, repeatable, non-contact monitoring of respiration in the same animal over long time periods.
Rapid Odor Source Localization in a Single Sniff A key feature of our novel method is the ability to retrieve positional information about the location and movement of the two nostrils. When introducing novel odorants, we observed a remarkable degree of spontaneous nostril movements, which prompted us to probe the animals' reaction to asymmetric stimulus delivery ( Figure 1A ). We quantified peak nostril displacement ( Figure 2 ) in each sniff cycle and discovered that mice displaced their nose toward the side from which a novel smell was delivered (Movies S1 and S2). This orienting response was not triggered by familiar smells (Figures 2A-2C ; Movie S3). The onset of the orienting response to novel odorants was remarkably fast, appearing within the first sniff after odor onset (median duration of first sniff was 216 ms; Figures See also Figure S2 and Movies S1, S2, and S3.
2A-2C). Importantly, we ruled out animals that used mechanical cues to locate the odor source. Pressure measurements confirmed the absence of a directional flow bias (Figure S1B ). Although the rapid orienting response observed in our experiments is reminiscent of spontaneous nose movements described in unrestrained rats [1] , it remains to be investigated how head restraint affects orienting amplitude and other aspects of the behavior.
Nasal Orienting Requires Interhemispheric Communication
How does the brain accomplish such rapid orienting toward the source of novel odorants? The spontaneous spatial orienting response may involve the comparison of odorant information sampled simultaneously through the two bilaterally symmetric nostrils, as has been suggested previously in animals trained in an operant task [8] ( Figure 3A ). However, a priori there is no need for any left/right comparison to elicit orienting in our experiments. In principle, the difference in response strength between left and right olfactory inputs alone could translate into asymmetric muscle contraction.
To distinguish between these two possibilities, we performed a transection of the anterior commissure (AC) (Figures 3B and S3A). The AC is a fiber bundle of interhemispheric connections, which includes those between anterior olfactory cortices (or nucleus; AON) and piriform cortex (PCx). Disruption of the AC disrupted orienting altogether, whereas animals undergoing sham transection (see STAR Methods) oriented as expected to the side of novel smell delivery ( Figure 3B ). Both AC-lesioned and sham control animals exhibited the sniffing response to novel smells ( Figure 3C ). This demonstrates that the mechanism for spontaneous nasal orienting based on rapid odor source localization involves interhemispheric communication, whereas novelty-induced sniffing does not. 
Unilateral AON Lesions Reverse Orienting to Contralateral Odor Sources
A major fraction of the interhemispheric connections through the AC originates in the AON [9] . The AON is also the first site of convergence between left and right olfactory inputs [10] , and its strong bilaterally reciprocal connections could provide a suitable anatomical substrate for comparison [11, 12] . In line with this view, neurons in the AON pars externa of anesthetized rats have been demonstrated to respond in a directional fashion to unilateral odor stimulation [13] . They were activated by ipsilateral and inhibited by contralateral odor stimulation. Finally, the short latency of orienting responses observed in our experiments suggests internostril odorant biases are detected early, akin to processing of directional stimuli in other sensory modalities [14, 15] . Therefore, we hypothesized that the AON is critically involved in rapid odor source localization, and predicted that unilateral lesions would affect ipsilateral, but not contralateral, orienting. As expected, animals with unilateral excitotoxic AON lesions ( Figures S3B, S3C , and S3E) correctly oriented to contralateral odorants, whereas their responses to ipsilateral stimuli were reversed ( Figures 3D and 3E) . No orienting to familiar stimuli was observed in AON-lesioned and sham control animals (data not shown). Of note, lesioned animals also exhibited the sniffing response elicited by novel smells, suggesting that they were able to identify stimulus novelty ( Figure 3F ). Their sniffing response was similar to ipsi-and contralateral odorant stimulation (repeated-measures ANOVA, ipsi-versus contralateral, S3D ). The effect of unilateral AON lesions is in stark contrast to the effect of AC transection, in that AC lesions disrupt orienting altogether whereas AON lesions cause orienting to the incorrect side after contralateral odorant stimulation.
Asymmetric Activation of the AON Is Sufficient for Eliciting Orienting
To further explore whether the AON is causally involved in orienting, we used an optogenetic approach. We expressed channelrhodopsin 2 (ChR2) in the AON under the control of the CaMKII promoter using an adeno-associated virus (AAV) ( Figure 4A ). This vector predominantly drives expression in cortical pyramidal cells [16, 17] . Unilateral AON stimulation in awake mice expressing ChR2 triggered ipsilateral orienting, i.e., displacement of the nostril toward the side of photostimulation ( Figure 4B ). This finding suggests that in the case of asymmetric activity between the two AONs, the stronger side indicates the odor source, resulting in orienting response toward that side. Control animals expressing mCherry alone did not orient in response to photostimulation. Moreover, unilateral photostimulation caused exploratory sniffing in ChR2 animals, albeit to a lesser extent than odorant stimulation ( Figure 4C ). No sniffing response was observed in mCherry-expressing control animals. Similar to odorant stimulation, photostimulation-triggered orienting and sniffing habituated with repeated stimulation (Figures S4C and S4D) .
To investigate whether optogenetically induced orienting is mediated by the feedback projection to the olfactory bulb (OB), we performed AON optogenetic stimulation while simultaneously inactivating the ipsilateral OB with the GABA A agonist muscimol. This manipulation did not prevent nasal orienting toward the side of optogenetic stimulation (Figures S4E and  S4F) . If the effect of optogenetic stimulation was mediated by the contralateral OB, animals should have oriented away from the side of stimulation. Hence, orienting in response to optogenetic AON stimulation seems to be induced through feedforward projections. This is in line with previous work demonstrating that optogenetic stimulation of AON terminals in the ipsilateral OB has a largely inhibitory effect [18] .
In conclusion, using a novel method for non-contact measurement of sniffing dynamics and nasal movements, we reveal a spontaneous, spatial orienting response to novel stimuli. In line with the remarkable speed of olfactory processing reported previously [3, 5, 6] , we find that mice initiate orienting already within the first sniff after odor onset. The nasal orienting response requires interhemispheric transfer of information through the AC. This suggests that mice compare odorant information obtained from the two bilaterally symmetric nostrils to locate the source of an odorant. We further demonstrate that asymmetric activation of the AON is both necessary and sufficient for eliciting orienting responses. These findings support the view that the AON plays an important role in the internostril difference comparison underlying rapid odor source localization.
In line with previous studies [13, 19] , we speculate that the AON facilitates source segregation by a mechanism involving competition between excitatory ipsilateral bulbar inputs and indirect inhibition from contralateral AON projections, although we cannot currently rule out the contribution of other structures connected through the AC, in particular the PCx. Further experiments are needed to clarify the relative contribution of the AON and PCx in odor source localization.
Our unilateral optogenetic stimulation experiments further suggest that internostril intensity differences are sufficient for localizing odor sources, which does not rule out a contribution of internostril timing differences during natural stimulation with airborne chemicals [20] . The latter possibility is supported by the fact that olfactory perception is highly sensitive to the temporal structure of bulbar odor stimulation [21] [22] [23] .
At present, it remains unclear how the differential activation of the left and right AON can lead to asymmetric contraction of orofacial muscles [24] by brain stem motor nuclei [25] [26] [27] . The main efferent projections from the AON are to the olfactory bulb, PCx, and olfactory tubercle. Ipsilateral and contralateral projections from the AON to anterior PCx have different physiological properties [28] and spatiotemporal distribution [29] , supporting the view that they are not merely relaying odorant information from one side of the brain to the other. Similar to express saccades in the visual system [30] , directional nose movement may then be controlled by the superior colliculus, which receives input from olfactory areas through the endopiriform cortex [31] . Facial motor control may also involve basal ganglia or cerebellar structures. Further work, in particular retrograde tracing from retrofacial regions [25] , may clarify the anatomical pathway for directional nose movements.
By rapidly directing their nose to the source of a novel or otherwise salient stimulus and by increasing their respiration frequency, animals can maximize exposure to the stimulus, which most likely benefits the formation of stimulus memory and facilitates the integration of stimulus information in more complex serial sampling strategies [32] .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents, including the custom-written video analysis script, should be directed to and will be fulfilled by the Lead Contact, Sebastian Haesler (sebastian.haesler@nerf.be).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
C57BL/6J male mice (6 weeks old) were used in all experimental groups. Animals were housed in groups of 5 until adult age and at the start of the experiment they were individually housed in GM500 cages (391 3 199 3 160 mm) with food and water ad libitum, and under a 12:12 hr light-dark cycle. Each animal performed the behavioral task at the same time of the day, between 9:00-17:00. All animal procedures were conducted in accordance with standards and rules of KU Leuven and national regulations, implementing European policies, including the EEC Council Directive 2010/63/UE.
METHOD DETAILS
Surgical procedures
Each mouse was surgically implanted with a titanium head plate to allow for head-restraining during behavioral experiments. Animals were anesthetized with ketamine and medetomidine mixture (60mg/Kg and 0.5mg/Kg of body weight intraperitoneally), the head was shaved and Xylocaine (20mg/ml) was administered subcutaneously at a dose of 13 mg/Kg. Ophthalmic ointment (Terra cortril + Polymixine B) was applied to avoid dehydration of the eyes. Then mice were placed on a heating pad at 37 C (Harvard apparatus) in a stereotaxic frame (Narishige Instruments). An incision was made longitudinally along the top of the head and a window of 0.5cm 2 was cut out to expose the underlying skull. A scalpel was used to remove connective tissue. Using a dental drill, ridges were created in the bone to increase the surface area of the skull for more adhesion. It was left for ten minutes to dry before a thin layer of luting cement (RelyX Luting, 3M) was applied to glue the custom-made titanium head plate to the bone. Subsequent layers of dental cement (Jet denture repair, Lang) were applied, with 5 min of drying time in between each layer.
For animals used in optogenetic experiments, we performed an additional craniotomy over the AON (AP 3, ML ± 1.2, DV 2.5) and injected 0.5mL of AAV2/7-CaMKII(0.4)-ChR2(LCTC)-mCherry for the experimental group or AAV2/7-CaMKII(0.4)-mCherry for the control group. After the injection, a 200mm optic fiber was implanted, positioned to illuminate the AON ( Figure S4A ). The fiber was secured to the skull using dental cement. Injection and implantation was performed in either the left or right hemisphere (ChR2, n left = 4, n right = 5, control, n left = 3, n right = 3).
For AON lesion and sham lesion animals, we performed a second surgery after odor familiarization training. A microinfusion of 0.5mL of saline (sham group) or ibotenic acid (AON lesion, Sigma-Aldrich) was performed with a glass capillary needle, as described previously [33] . Needles were coated with DiI (ethyl methyl phenylglycidate, Sigma-Adlrich) to visualize the injection tract, 10min after the last bolus injection the needle was removed and the craniotomy was closed with bees' wax. Unilateral lesions were performed in either the left or right hemisphere (AON lesion, n left = 4, n right = 6, sham-lesioned, n left = 3, n right = 4).
To confirm AC fibers originating in the PCx cortex were intact after AON lesion, we injected 0.5mL AAV2/7-CaMKII(0.4)-mCherry in the PCx (AP 1.98, ML 2, DV 3.25) ipsilateral to the ibotenic acid injection in the AON. Two weeks after virus injection, we performed histological analysis.
AC lesions were performed in a second surgery after head-plating and odor familiarization training, as described previously [34] . Animals were anesthetized and placed on the stereotaxic apparatus, a $1 mm craniotomy was performed following a skull mark made during head-plate surgery (AP 0.2-(À0.2), ML 0). A custom-made inverted ''v'' blade (2 saphire blade single edge lancets 1mm wide pasted together, World Precision Instruments) was inserted with the cutting edge aligned to the anteroposterior axis in a 0 angle to section the whole extension of the AC (DV 5). The lesion was performed the day before the novelty tasks. For sham lesioned animals we followed the same procedure but we only lowered the blade 4 mm, thus avoiding transection of the AC. After the surgery, the craniotomy was closed with Kwik-sil (World Precision Instruments).
For olfactory bulb pharmacology experiments we followed the same procedure as for the optogenetic experiments and we performed an ipsilateral, additional craniotomy (AP 4.5, ML 0.8), covered with Kwik-sil. After the habituation training and 30 min before the novelty tasks; we head-restrained the animals, removed the Kwik-sil covering the craniotomy and injected 0.5mL of fluorescent muscimol (1mg/mL of Muscimol, BODIPY TMR-X Conjugate, Molecular Probes) at the level of the granule cell layer of the olfactory bulb (DV 1.5).
Post-op treatment after all surgeries consisted of an injection of analgesic (meloxicam, 5mg/ml, subcutaneously at a dose of 1-2 mg/Kg) and saline (0.1 mL) for 48 hr post-surgery.
Non-contract registration of respiration and nostril position An uncooled microbolometer camera (FLIR A325sc with 50mm lens, 60 fps, 320x240 pixels) was placed in front of the mouse directed toward the nose in a 35
angle to capture respiration-related temperature changes around the nostrils. In order to extract the nasal surface temperature from video frames, we developed an image segmentation algorithm (using MATLAB), which identifies nostril position ( Figure S1 ). In brief, the experimenter determines the nostril position in 10 example frames taken randomly from the video, which is used to define a region of interest (ROI) around the nostrils. Subsequent segmentation is performed on the ROI, the area outside the ROI is cropped. The algorithm performs rotational correction, contrast enhancement and conversion to black and white to identify the tip of the nose, which typically appears as a cold spot in all frames, independent of respiration phase. The coordinates (center of mass) of the shape around the tip of the nose are then used to extrapolate the position of the center of each nostril. A circular ROI is created around the two nostril centers. Finally, the respiration signal is extracted for each nostril ROI from the raw camera values using a 10% percentile filter (i.e., the 10% lowest values). Signals from the two nostrils are averaged. Following the convention in the field of respiration research, the signal is inverted, such that inhalations are upward.
Odorants
The stimulus set consisted of 27 diverse, single molecule substances (Sigma-Aldrich), commonly used in olfaction research. Odors were benzyl acetate, nonadienal, isoamyl acetate, heptanal, ethyldecanoate, linalyl formate, trimethylpyrazine, geraniol, geranyl acetate, salicylaldehyde, alpha-pheleandrene, thiophane, phenylethyl alcohol, dimethylpyrazine, limonene, carvone, octanoic acid, acetic acid, menthol, eugenol, benzaldehyde, ethyl methyl phenylglycidate, anisole, cinnamaldehyde, ethyl valerate and pentenoic acid. Each odor was dissolved in mineral oil to reach a final vapor pressure of 1Pa.
Odor delivery
Odors were delivered with a custom-made, constant air flow olfactometer (designed after [35] ). Two odor flows were generated by splitting clean air from a common source (0.1L/min). Each odor flow was passed through small (4 mL) vials containing either mineral oil alone (non-odorized air, default state) or an odorant chemical dissolved in mineral oil (odorized air, odor stimulation). Each odor flow was combined with a clean air carrier flow (0.4 L/min) and delivered to the animal; one to the left and one to the right of the animal's nose ( Figure 1A ), slightly angled downward to avoid airflow to the animal's eyes. During odor stimulation, both odor flows were switched simultaneously (from non-odorized to non-odorized on one side and from non-odorized to odorized on the other side) to prevent directional flow changes due to odor stimulation. Simultaneous, differential pressure measurements of left and right airflows (Sensirion SDP1000-L025) confirm the absence of a flow bias, indicative or odor source direction ( Figure S1B ).
Behavioral assay
All behavioral experiments were performed inside a sound and light isolated box (75cm 3 ) with constant exhaust to ensure rapid clearance of odorant stimuli and to prevent distraction of the animal. Custom LabVIEW software (National Instruments) was used to control the olfactometer, trigger the IR camera and record odor valve opening using the analog output of our valve control board. Videos were synchronized to valve opening signals based on the time-stamp of the first video frame. From the beginning of the experiment on they were housed individually. After 2 days handling by the experimenter, animals were habituated to the head restrained condition for another two days. Subsequently, odor familiarization training was performed daily for 10 days using 4 different odors (2 left, 2 right). Each familiarization training session consisted of 80 trials, in which odorants were randomly presented to the mice. The direction of odor stimulation was kept constant for each stimulus. Each trial began with triggering the IR camera and recording 4 s' pre-odor baseline date, followed by odor stimulation for 2 s and post-odor recording for 5 s. The duration of inter trial intervals was drawn from an exponential distribution with a mean of 30 s.
After odor familiarization training, a novelty task was performed daily for three days. The trial structure in the novelty task was the same as during familiarization training. Each novelty task consisted of 100 trials, beginning with 20 trials in which the 4 previously familiarized smells were presented in random order, followed by 80 trials in which 6 or 8 novel smells and the familiar stimuli were presented randomly ( Figure S2A) . Half of the novel stimuli were presented to the left side, half of them to the right side. To rule out a systematic orienting bias to or away from specific odorants, we balanced the direction of odorant chemicals across different animals. Figure 2A shows an example of how the same stimulus (Pentenoic acid) is presented to the right side in one animal (1 st row) and to the left side (4 th row) in another.
Optogenetics
For optogenetic stimulation experiments, we used a Spectralynx system (Neuralynx) to deliver a train of 5ms blue (473nm) light pulses at 20 Hz for 1 s in each trial, without any odor stimulation. During optogenetic experiments, optical fibers were covered with a black, opaque molding paste to avoid visual stimulation. The mean light power at the fiber end was 1.06 ± 0.1 mW (±SEM) for the optogenetic stimulation group (AAV2/7-CaMKII(0.4)-ChR2(LCTC)-mCherry), 0.91 ± 0.09 mW for the control group (AAV2/7-CaMKII(0.4)-mCherry) and 1.07 ± 0.18 mW in experiments combining optogenetic stimulation and pharmacological inactivation of the OB.
Histology
At the end of each experiment, animals were perfused with 4% paraformaldehyde. Brains were sectioned in 50mm thick coronal slices with a vibratome (VT1000S, Leica), the sections were washed two times with PBS for 10 min each, followed by staining with either Neurotrace 500/525 green fluorescent Nissl (1:300 for two hours, Molecular Probes) or Neurotrace 530/615 red fluorescent Nissl (1:150 for two hours, Molecular Probes); followed by two PBS washes and stained with DAPI (4 0 ,6-Diamidino-2-phenylindole dihydrochloride, Sigma-Aldrich) for 30 min.
For the PCx virus injection, we incubated with a primary antibody rabbit anti red fluorescent protein (1:100 overnight 4 C, Rockland) in PBT with 10% newborn calf serum; followed by two PBS washes and the subsequent incubation with the secondary antibody donkey anti-rabbit Alexa Fluor 568 (1:500 overnight 4 C, Molecular Probes) in PBT with 10% newborn calf serum. 3 PBS; we washed two times with PBS and stained with DAPI for 30 min.
For the AC-lesioned animals, we also stained with green Fluoromyelin (1:200 overnight, Molecular Probes). All sections were mounted with antifade medium (Vectashield, Vector) and imaged on a confocal microscope (LSM 710 Zeiss).
QUANTIFICATION AND STATISTICAL ANALYSIS
To quantify nostril displacement, we used the x-coordinate of the nose position, registered during video analysis and subtracted the nose origin (mean nose position before odor onset). For rightward odor stimulation, x-coordinates were inverted by multiplying with À1, such that displacement toward novel smells is always positive, while displacement away from it is negative. Pixel values were converted to distance (in mm, 1 pixel = 50mm). To quantify displacement per sniff cycle, we registered the largest displacement (independent of direction) in each sniff cycle (i.e., peak displacement, Figure S2 ).
In principle, the first sniff after odor onset begins with the first inhalation after odor onset. However, inhalation can occur shortly prior to odorant stimulation. In these cases, the odor onset might occur during an ongoing inhalation, thus potentially enabling the animal to perceive the odorant at least partially (partial sniff). To rule out the confounding effects of partial sniffs, sniff cycles in which inhalation onset occurred up to < 166ms prior to odor onset were defined as first sniff. This time interval corresponds to $4/5 of the duration of a full sniff cycle at the respiratory rate of 5 Hz, typically measured in our animals ( Figure 2D ).
All data analysis was performed using custom-written MATLAB scripts. Statistical details of experiments can be found in the figure legends and results section. All statistical tests were two-sided. If the nasal thermography algorithm failed to extract position and sniff information in more than 10% of all videos in a behavioral session, this session was excluded from the analysis. This was the case in 13 out of 134 behavioral sessions in the dataset. In the AON lesion dataset, we excluded 1 animal in which the lesion was off target, outside the AON. In the AC lesion dataset, two animals which did not show successful AC transection in the histological analysis, were included for analysis in the sham lesion group.
DATA AND SOFTWARE AVAILABILITY
The algorithm for extracting respiration signals and nose position from IR videos is available from the authors. Since we are constantly improving the algorithm, please contact the lead author (sebastian.haesler@nerf.be) for the latest version.
